The spore-forming bacterium Bacillus subtilis is capable of assembling multicellular communities (biofilms) that display a high degree of spatiotemporal organization. Wild strains that have not undergone domestication in the laboratory produce particularly robust biofilms with complex architectural features, such as fruitingbody-like aerial projections whose tips serve as preferential sites for sporulation. To discover genes involved in this multicellular behavior and to do so on a genome-wide basis, we took advantage of a large collection of mutants which have disruptions of most of the uncharacterized genes in the B. subtilis genome. This collection, which was generated with a laboratory strain, was screened for mutants that were impaired in biofilm formation. This subset of mutated genes was then introduced into the wild strain NCIB 3610 to study their effects on biofilm formation in liquid and solid media. In this way we identified six genes that are involved in the development of multicellular communities. These are yhxB (encoding a putative phosphohexomutase that may mediate exopolysaccharide synthesis), sipW (encoding a signal peptidase), ecsB (encoding an ABC transporter subunit), yqeK (encoding a putative phosphatase), ylbF (encoding a regulatory protein), and ymcA (a gene of unknown function). Further analysis revealed that these six genes play different roles in B. subtilis community development.
Formation of biofilms-surface-associated multicellular assemblages-is an important microbial survival strategy (4, 25) . Relative to the rapid, continual, and extreme changes in environmental conditions that can characterize a planktonic existence, biofilms offer the constituent cells some shelter, enabling them to establish long-term relationships with each other and their immediate surroundings. Cells in different regions of a developing biofilm experience diverse environmental conditions, resulting in marked patterns of cellular differentiation (e.g., see references 5 and 16). Such spatiotemporal organization is particularly striking in biofilms formed by wild strains of the spore-forming bacterium Bacillus subtilis. Unlike strains that have been domesticated by decades of propagation in the laboratory (e.g., B. subtilis 168), which form thin and relatively undifferentiated biofilms, wild B. subtilis strains form elaborate multicellular communities that display conspicuous architectural features, such as fruiting-body-like aerial projections that extend from the surfaces of the biofilm. The tips of these fruiting bodies serve as preferential sites for spore formation (2) .
We are interested in discovering genes that are involved in biofilm and fruiting body formation. We have focused our efforts on a relatively undomesticated strain of B. subtilis, NCIB 3610 (hereafter referred to as "3610"), which forms robust and highly structured biofilms both in liquid and on solid medium (colonies). When inoculated into a standing culture of minimal medium, 3610 initially grows planktonically as motile, single cells. The cells then migrate to the air-liquid interface, where they proliferate as long chains of nonmotile cells. These chains are highly ordered in parallel patterns and are bound together tightly, presumably by an extracellular matrix, to form a floating biofilm (pellicle). Growth of the bundled chains continues, giving rise to larger structures that include the fruiting bodies. Fruiting bodies are also formed on solid medium, but multicellular development in colonies exhibits distinctive features that are not evident in pellicles, such as concentric rings. Thus, we consider pellicles and colonies as complementary settings for the study of B. subtilis biofilms.
Previously we used a "candidate-gene" approach to identify genes involved in B. subtilis pellicle and colony development (2) . Perhaps the most striking result was that genes that regulate entry into the sporulation pathway (spo0A and spo0H) were required for the initial stages of biofilm development. Other genes identified through this directed approach included yveQ and yveR, which appear to be involved in the production of an exopolysaccharide component of the biofilm's extracellular matrix. This matrix acts as the scaffold for biofilm architecture. In addition, genes that mediate production of surfactin (srfAA and sfp) were shown to be required for the erection of fruiting bodies. In a parallel study, Hamon and Lazazzera also used a candidate-gene approach to analyze solid-surface-associated submerged biofilms formed by a domesticated B. subtilis strain. They reported that spo0A and genes involved in the activation of Spo0A (spo0B, spo0F, and kinC to -E) are required for biofilm formation (13) . More recently, transcrip-tional profiling was used to identify transcription factors (Spo0A, Spo0H, LytS, ResE, SigW, YbdK, YcbA, and YfiJ) that affect gene expression during pellicle formation by the domesticated strain (29) . All of these studies have provided much information regarding the genetic control of biofilm formation by B. subtilis in diverse settings. We now report a genome-wide mutational approach to identify additional genes involved in these processes.
To facilitate a screen for genes that play a critical role in B. subtilis biofilm formation, we took advantage of the B. subtilis Functional Analysis (BFA) mutant collection, which was constructed by a consortium of laboratories from Europe and Japan. This collection includes mutants in which most B. subtilis genes of unknown function were individually disrupted in the laboratory strain 168 (36, 39) . We screened the BFA collection for mutants defective in pellicle formation. The mutant genes were subsequently introduced into 3610 for further analysis. Using this unbiased genetic approach, we identified six genes that play important roles in the development of multicellular communities.
MATERIALS AND METHODS
Bacterial strains and media. Strain 3610 is B. subtilis NCIB 3610, a prototrophic strain from our laboratory collection (2) , 2 M thiamine, 0.5% glycerol, 0.5% glutamate, 50 g of tryptophan/ml, 50 g of phenylalanine/ml [adapted from reference 10]). Media were solidified through addition of agar (Difco) to 1.5%, and the plates were allowed to dry at 25°C for 40 h before use. Antibiotic concentrations (final) were erythromycin (EM) at 0.3 g/ml, erythromycin plus lincomycin (MLS) at 1 and 25 g/ml, respectively, spectinomycin at 100 g/ml, and tetracycline at 5 g/ml for shaken and standing cultures and 10 g/ml for transformation and transduction plates, and chloramphenicol at 5 g/ml.
Screen for pellicle-defective mutants. The BFA mutant collection was constructed by a consortium of European and Japanese laboratories, and has been described previously (36, 39) . In brief, the consortium targeted for disruption the previously uncharacterized genes of B. subtilis strain 168. In each case, an internal fragment of the gene of interest was amplified by PCR and cloned into a pMUTIN integrating plasmid. The construct was introduced into 168 by transformation, selecting for erythromycin resistance (Em r ); this resulted in insertional mutation of the gene of interest, through a Campbell-type single-crossover recombination event, as confirmed by Southern analysis or PCR. Because integration within an operon can lead to polar effects on downstream genes, the pMUTIN plasmid carries an inducible promoter that can be used to drive expression of downstream genes; we analyzed only mutants that were viable without induction of this promoter (i.e., mutants in which the integrated plasmid did not have polar effects on essential genes). The genes targeted for disruption in the BFA mutants are listed in the Micado (http://genome.jouy.inra.fr/micado) and BSORF (http://bacillus.genome.ad.jp/bsorf.htm) databases.
For the purposes of our screen, each BFA mutant was used to inoculate 140 l of LB plus EM contained within a well of a 96-well microtiter plate (Falcon 35-1172). The microtiter plates were shaken at low speed (160 rpm) at 37°C for 16 h, at which point 5 l of each culture was used to inoculate 1 ml of MSgg plus EM contained within a well of a 48-well microtiter plate (Falcon 35-1178). These microtiter plates were incubated without shaking at 30°C, and after 60 h of incubation their pellicles were analyzed by visual inspection. It should be noted that the addition of antibiotics to standing cultures (as described here and below) had no detectable effect on pellicle formation by any of the mutants analyzed in detail, as indicated by control experiments.
BFA mutants that reproducibly failed to form wild-type pellicles were tested for their ability to grow in aerated cultures. In these experiments, each mutant was grown in LB plus EM in a 96-well microtiter plate (as described above), and 3 l of the culture was used to inoculate 3 ml of MSgg plus EM contained within an 18-ml glass tube that was rolled at 30°C for 16 h. Mutants that did not produce wild-type pellicles but did grow robustly (to an optical density at 600 nm of Ն 2.5) in aerated cultures were considered to exhibit a specific defect in pellicle formation.
To confirm that the observed pellicle defect was conferred by the insertional mutation, genomic DNA isolated from the BFA mutant was reintroduced into parental strain 168 by transformation, using standard methods (14) and selecting for the integrated pMUTIN plasmid (i.e., Em r ). At least three transformants were tested for their ability to form pellicles in standing cultures and to grow robustly in aerated cultures, using the methods described above. Specific defects in pellicle formation exhibited by these second-generation BFA mutants were attributed to their insertional mutations.
Each insertional mutation associated with a specific defect in pellicle formation in strain 168 was then introduced into strain 3610, via SPP1 phage transduction (17) and selection for MLS r . In each case, at least three transductants were tested for specific defects in pellicle formation. Transductants were also tested for defects in colony formation: each was grown in 3 ml of LB plus MLS at 37°C for 8 h, and 3 l of the culture was spotted onto the surface of an MSgg plate; after incubation at 30°C for 96 h, the colonies were analyzed by visual inspection.
Deletion mutant construction, analysis, and complementation. Deletion of genes of interest from the 168 chromosome and their replacement by an antibiotic resistance marker were achieved using a long-flanking-homology PCR strategy (38) . The deletion alleles were then introduced into 3610 by SPP1 phage transduction.
Deletion mutants were tested for their ability to form pellicles, using the following procedure. Each mutant was grown in 3 ml of LB plus antibiotic at 37°C for 8 h, and 3 l of this culture was used to inoculate 12 ml of MSgg plus antibiotic contained within a well of a six-well microtiter plate; the plate was incubated at 30°C for 60 h, at which point the pellicles were analyzed by visual inspection. Deletion mutants were also tested for their ability to form colonies, using the method described above.
To complement a deletion mutant, we first amplified by PCR a wild-type copy of the deleted gene, using 168 genomic DNA as the template and flanking primers that contained restriction sites at their 5Ј ends. In the case of yhxB, the coding region plus 407 bp of upstream sequence and 23 bp of downstream sequence were amplified by using primers amyE::yhxB-1 (TTGGATCCGCGCT GAAAGATGAGGCCGC) and amyE::yhxB-2 (TTGGATCCCAATGACCCAG CTCATACTTG), each of which contains a BamHI site (underlined); in the case of ylbF, the coding region plus 427 bp of upstream sequence and 60 bp of downstream sequence were amplified by using primers amyE::ylbF-1 (TTGGA TCCCAGAAGCATTCTCAGCCAGGC) and amyE::ylbF-4 (TTAAGCTTCTC CAATACAATCACCTGCCTG), which contain a BamHI and HindIII site, respectively (underlined). Each PCR product was digested with the appropriate restriction enzyme(s) and ligated into the multiple cloning site of the pDG1662 vector (11), using standard methods (27) . The plasmid bearing the wild-type allele was linearized by ClaI digestion and introduced into 168 via transformation (14) and selection for Cm r , which is associated with plasmid integration (11) . The transformants were then screened for sensitivity to spectinomycin (Spc s ), which is indicative of integration by a double-recombination event (as opposed to a Campbell-type single-crossover recombination event, which is associated with Spc r ) (11) . To verify that plasmid integration occurred at the amyE locus, this region was amplified by PCR using genomic DNA isolated from Cm r Spc s transformants as the template and flanking primers amyE-1 (GTAAGCGTTA ACAAAATTCTCCAG) and amyE-2 (CATTGATGGTTTCTTTCGGTAAG); correct integration was associated with an increase in PCR product size from 2.15 kb (amyE) to 4.27 kb (amyE::yhxB) or 3.09 kb (amyE::ylbF). Finally, the amyE::yhxB and amyE::ylbF constructs were introduced into yhxB⌬ and ylbF⌬ mutants, respectively, by transformation (168 background) and transduction (3610 background).
Microscopy and photography.
To analyze the initial stages of pellicle formation, the behavior of individual cells was studied. Twelve-milliliter MSgg standing cultures were inoculated as described above, and after incubation at 25°C for 36 h a sample of each pellicle was harvested and examined at high-magnification (ϫ1,000) using an Optiphot-2 phase-contrast microscope (Nikon). Similar cultures were generated for photography of pellicles. Colonies were grown as described above and photographed at low-magnification (ϫ5) using an SMZ1500 stereomicroscope (Nikon) equipped with a charge-coupled device video camera system (Optronics Engineering, Goleta, Calif.) and a computer interface.
Computer analyses. Gene structures and annotation, chromosome maps, and other information related to the B. subtilis 168 genome (19) were taken from the SubtiList database (http://genolist.pasteur.fr/SubtiList/). Specific B. subtilis proteins were matched with potentially homologous proteins on the basis of sequence similarity using the BLAST program. For the analysis of YlbF and 
RESULTS AND DISCUSSION
Identification of genes involved in the development of multicellular communities. Genes in the BFA mutant collection were individually disrupted by single-reciprocal (Campbelllike) recombination using the insertional vector pMUTIN (36, 39) . Each mutant was inoculated into standing cultures of minimal medium and incubated at 30°C for 60 h. Under these conditions, the parent strain (B. subtilis 168) formed a wrinkled pellicle (see Fig. 1 , top left panel). Ninety-four of the 2,105 mutants tested produced a pellicle of unusual morphology or no pellicle at all. Seventy of the 94 mutants exhibited planktonic growth rates in minimal medium similar to that of 168, indicating that their defects in pellicle formation were not due to a general growth defect. To determine whether their defects in pellicle formation were due to pMUTIN insertion, chromosomal DNA was prepared from each of the 70 mutants and used to transform competent cells of the parental strain; after selection for the antibiotic resistance gene carried by the vector, the resulting transformants were tested for their ability to form pellicles. Twenty-four of these mutants showed defects in pellicle formation similar to those exhibited by their corresponding BFA mutants, while the other 46 showed defects that were less severe and/or reproducible than originally observed. Presumably the latter mutants were derived from BFA mutants that harbored secondary mutations not linked to their pMUTIN insertions; indeed, others reported that 16 of these BFA mutants behaved differently than the reference strain when tested under a variety of conditions and that these mutant phenotypes typically did not segregate with the pMUTIN insertion in genetic backcrosses (http://genome.jouy.inra.fr/micado). The secondary mutations responsible for these phenotypes may have resulted from the use of nonisogenic versions of strain 168 in the construction of the BFA mutant collection; however, the 46 BFA mutants in question were derived from several different isolates of 168, which suggests that their pellicle formation defects may be caused by different secondary mutations.
With regard to the 24 insertional mutations that did confer upon strain 168 defects in pellicle formation, we wondered whether they might also affect the ability of wild strains to produce robust multicellular communities. To investigate this possibility, each of the mutations was introduced (by phage PBS1-mediated transduction) into strain 3610, and their effects on pellicle formation and colony morphology were assessed. Of these 3610-derived mutants seven showed defects in pellicle formation, two showed defects in colony morphology, and eight showed both types of defects to a limited degree. In contrast, mutations in seven genes-yhxB, sipW, yqxM, ecsB, yqeK, ylbF, and ymcA-caused a conspicuous defect in both pellicle formation and colony morphology when introduced into strain 3610 ( Fig. 1 and data not shown) . We chose to further characterize these seven genes and their roles in the development of multicellular communities.
Because the insertional mutations were generated by Campbell-like recombination, it was possible that they did not completely inactivate their target genes (14) . To address this concern, we deleted the genes of interest from the 168 chromosome, replacing each with an antibiotic resistance gene, to FIG. 1. BFA mutants defective in B. subtilis community development. Mutants from the BFA collection were isolated on the basis of their failure to form wild-type pellicles. The mutant alleles were then reintroduced into parental strain 168 and also introduced into strain 3610. To assay pellicle formation (first and second columns), each mutant was inoculated at a low density into a standing culture consisting of 12 ml of MSgg plus MLS in a microtiter plate well, and the cultures were incubated at 30°C for 60 h without shaking. To assay colony development (third column), each mutant derived from 3610 was grown overnight in a rolled LB plus MLS culture, and a 3-l sample of the culture was spotted onto MSgg agar and incubated at 30°C for 96 h. Bars ϭ 5 mm.
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create bona fide null mutations. These null mutations, which are designated by the symbol "⌬", were introduced into 3610 by phage transduction (see Materials and Methods). In the following sections we describe the effects of these null mutations on pellicle formation and colony morphology in strain 3610; whenever necessary we also describe the effects of the null mutations in strain 168, as well as those of the insertional mutations in strains 168 and 3610. Note that in all cases each insertional mutation and its corresponding null mutation conferred identical phenotypes when introduced into a common parental strain (168 or 3610). yhxB, a gene that is likely involved in exopolysaccharide synthesis. Strain 3610 harboring yhxB⌬ formed fragile pellicles when grown in standing liquid cultures and formed flat, undifferentiated colonies when grown on solid media (Fig. 2) . Phase-contrast microscopy revealed that in the initial stages of pellicle formation the 3610 yhxB⌬ mutant proliferated at the air-medium interface as long chains of cells, but rather than being bound together in parallel the chains instead formed loose aggregates (Fig. 3) . This suggested that the yhxB gene product is involved in the production of an extracellular matrix that lends structure to the pellicle.
The yhxB coding sequence is located between two predicted Rho-independent transcription terminators (19) (Fig. 4A) , consistent with the idea that the yhxB gene lies within a monocistronic operon. Indeed, the 3610 yhxB⌬ mutant was fully complemented by a wild-type copy of yhxB that had been introduced at a different site on the chromosome (amyE) (Fig.  2) . This indicated that inactivation of yhxB, as opposed to interference with a neighboring gene, was responsible for the observed mutant phenotype.
The yhxB gene had not been characterized previously, but it is predicted to encode a protein (YhxB) with sequence similarity to ␣-phosphoglucomutases (␣-PGMs) and phosphomannomutases (PMMs). For example, YhxB is 46% identical to Streptococcus thermophilus PgmA, a bifunctional phosphohexomutase exhibiting both ␣-PGM and PMM activities (22) . ␣-PGMs (EC 5.4.2.2) interconvert ␣-glucose-1-phosphate and ␣-glucose-6-phosphate, and PMMs (EC 5.4.2.8) interconvert mannose-1-phosphate and mannose-6-phosphate. In both cases the forward reaction favors sugar catabolism via glycolysis, while the reverse reaction favors the production of nucleotide sugars: UDP-glucose and GDP-mannose, respectively. The predicted YhxB amino acid sequence contains two motifs highly conserved among ␣-PGMs and PMMs: "Box 1," corresponding to the catalytic site; and "Box 2," corresponding to the binding site for its divalent cation cofactor (see references 8 and 37 and references therein). Whether YhxB acts as an ␣-PGM or a PMM or as a bifunctional phosphohexomutase cannot be predicted from its sequence because its "Box 3" motif, corresponding to residues that may determine substrate specificity, differs from those of phosphohexomutases that have been characterized at the biochemical level.
Nucleotide sugars are the biosynthetic precursors of exopolysaccharides, which in many cases are important components of extracellular matrices that hold together, and lend structure to, microbial communities (4, 6, 23, 25) . In B. subtilis the predicted 16-gene operon yveK-yvfF, which resembles operons whose gene products are involved in exopolysaccharide synthesis (e.g., epsA-to -K of Streptococcus thermophilus Sfi6 [30] ), is involved in pellicle formation and colony development (2) . In fact, disruption of genes within the yveK-yvfF operon (e.g., yveR⌬) results in a phenotype indistinguishable from that of yhxB⌬ mutants (e.g., see Fig. 2 ). This suggests that YhxB, through its role as a phosphohexomutase, promotes the synthesis of nucleotide sugars which, through processes catalyzed by proteins encoded by the yveK-yvfF operon, are incorporated into exopolysaccharides of the extracellular matrix of B. subtilis communities. Considering that polysaccharide synthesis is apparently of critical importance to B. subtilis biofilm formation, one might have expected other genes involved in this process to have been identified in our screen; however, many such genes are of known function and therefore are not represented in the BFA mutant collection. In any case, our work suggests that a more directed and comprehensive analysis of polysaccharide synthesis and its relationship to biofilm formation should greatly benefit our understanding of B. subtilis communities.
sipW, a gene that encodes a signal peptidase. Strain 3610 harboring the sipW4766 or yqxM4767 insertional mutation
FIG. 2. Phenotype and complementation of mutant 3610 yhxB⌬.
Pellicle and colony development were assayed as described in the legend to Fig. 1.   FIG. 3 . Behavior of individual cells during formation of wild-type and mutant pellicles. Strain 3610 and deletion mutants derived from it were grown in standing cultures, as described in the legend to Fig. 1 . After incubation at 25°C for 36 h, samples were withdrawn from the air-medium interface and examined at a magnification of ϫ1,000X using phase-contrast microscopy.
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formed pellicles of inconsistent thickness that failed to colonize all of the available surface area ( Fig. 1 and data not shown). These mutant pellicles were composed of floating flocs that only loosely interacted with one another, such that physical manipulations which punctured or ripped other pellicles only parted the floating flocs. Phase-contrast microscopy revealed that the pellicles were composed of aggregates of relatively short chains of cells (data not shown); similar results were obtained using a deletion mutant ( Fig. 3; see below) . This suggested that the mutants failed to proliferate as long chains of cells and also failed to produce an extracellular matrix capable of holding the cells together in parallel alignment. Similarly, the mutants formed flat, undifferentiated colonies on solid media ( Fig. 1 and data not shown), consistent with the idea that they failed to produce a fully functional extracellular matrix.
The yqxM and sipW genes are the first and second in a three-gene operon whose third member is tasA (31, 33) (Fig.  4B ). SipW is a type I signal peptidase that is specifically required for the maturation and secretion of its two known endogenous substrates: the protein products of yqxM and tasA (28, (32) (33) (34) . Thus, there were a number of possible explanations for the fact that the yqxM4767 and sipW4766 mutant phenotypes were identical. For instance, the mutant phenotypes might result from: (i) lack of YqxM activity, due to disruption of yqxM or loss of processing by SipW; (ii) lack of TasA activity, due to polar effects on tasA or loss of processing by SipW; (iii) accumulation of unprocessed TasA protein in the cytoplasm, due to disruption of, or polar effects on, sipW; (iv) loss of the processing and activity of SipW substrates other than YqxM and TasA, due to disruption of, or polar effects on, sipW; or (v) a combination of these effects. To address the third possibility, we deleted the entire yqxM-sipW-tasA operon in the 3610 genetic background and found that the resulting mutant (yqxM-sipW-tasA⌬; referred to as "sipW⌬") formed pellicles and colonies that were indistinguishable from those formed by the yqxM4767 and sipW4766 mutants (Fig. 3 and 5 and data not shown). These results effectively rule out the third explanation above. With regard to the remaining explanations, it is interesting that Hamon and colleagues have found that sipW is the only gene in the yqxM-sipW-tasA operon that is required for biofilm formation by JH642 (13a), a B. subtilis strain derived from 168 (3), which itself is thought to be derived from 3610 (D. R. Zeigler, personal communication). This information would seem to support the fourth explanation-that loss of preprotein processing by SipW, but not lack of YqxM or TasA activity, accounts for the mutant phenotypes observed-and we are currently attempting to determine whether SipW plays a similar role in biofilm formation by 3610. In any case, our results suggest that SipW and at least some of its substrates are required for the structural integrity of the extracellular matrix.
ecsB, a gene encoding the transmembrane subunit of an ABC transporter. Strain 3610 harboring ecsB⌬ formed flat pellicles (Fig. 6) . Phase-contrast microscopy revealed that these mutant pellicles were composed of long chains of cells that were bound together rather loosely (Fig. 3) . The 3610 ecsB⌬ mutant also formed colonies in which certain architec- tural features were absent or less prominent than those observed in wild-type colonies (Fig. 6 ).
The ecsB gene is the second in a three-gene operon, ecsABC (20, 21) (Fig. 4C) . Thus, the ecsB⌬ mutant allele could potentially have polar effects on ecsC. However, deletion of ecsC from the 3610 genetic background resulted in a mutant that formed pellicles and colonies that were indistinguishable from those formed by the parental strain (Fig. 6 ). This suggests that inactivation of ecsB, and not polar effects on ecsC, was responsible for the mutant phenotype observed. However, at this time we cannot rule out the possibility that it was the combination of ecsB inactivation and polar effects on ecsC that gave rise to the mutant phenotype.
The ecsA gene encodes the ATPase subunit and ecsB encodes the transmembrane subunit of an ABC transporter referred to as Ecs (15, 21) . The ecsC gene encodes a protein that shows no significant sequence similarity to any previously described ABC transporter component or accessory protein or indeed to any protein of known function. Ecs has been shown to promote the Sec-dependent secretion of several degradative enzymes, primarily through facilitation of their processing by signal peptidases (18, 20, 26) . Both EcsA and EcsB are required for this function, whereas EcsC is not (18, 20) . EcsA and EcsB are also required for efficient sporulation and development of competence (18 and data not shown), but it is not known whether this is due to the role of Ecs in protein secretion.
Our results indicate that Ecs activity is important for the development of B. subtilis communities. This effect is likely indirect; for example, Ecs could promote the maturation and secretion of protein components of the extracellular matrix and in this way contribute to the structure of pellicles and colonies. An interesting possibility is that some of the Ecs substrates might also be SipW substrates. It is conceivable that Ecs and SipW work together to promote the secretion of proteins that affect B. subtilis community structure. Indeed, Ecs has been shown to facilitate the processing of a heterologously expressed ␣-amylase by a different type I signal peptidase (26) . Identification of the endogenous substrates of Ecs and SipW should lead to a better understanding of their roles in B. subtilis community development.
yqeK, a gene that encodes a predicted phosphatase. Strain 3610 harboring yqeK⌬ formed pellicles that were initially thin and flat; however, these pellicles eventually became much thicker, and their flat surfaces were broken by a number of broad pits, the inner surfaces of which were covered with fruiting bodies (Fig. 7) . This heterogeneity in morphology did not appear to be due to accumulation of suppressor mutations, as cells harvested from the invaginations and inoculated into fresh standing cultures produced pellicles that were indistinguishable from their predecessors (data not shown). Phasecontrast microscopy revealed that the mutant pellicles, like those formed by the parental strain, were composed of long chains of cells bound together in parallel (data not shown). The colonies formed by 3610 yqeK⌬ also showed an obvious defect in gross morphology, in that their central regions were flat and glossy (Fig. 7) .
The yqeK gene is located within a cluster of eight genes (yqeG to yqeM) that could constitute an operon (19) (Fig. 4D) . Thus, the mutant phenotype conferred by yqeK⌬ could potentially result from polar effects on downstream genes. However, deletion of the gene located immediately downstream of yqeK (yqeL) from the 3610 genetic background resulted in a mutant that formed wild-type pellicles and colonies (Fig. 7) . This suggests that inactivation of yqeK, and not polar effects on downstream genes, accounts for the defects in community development exhibited by the 3610 yqeK⌬ mutant.
The yqeG-yqeM gene cluster is well conserved among grampositive bacterial species. For instance, clusters in which all eight genes are present and in the same order can be found in the genomes of Staphylococcus aureus MW2 (genes MW1549 to MW1542), Listeria innocua CLIP (genes lin1527 to lin1520), and Oceanobacillus iheyensis HTE831 (genes OB1989 to OB1982). Similar yqeK-containing clusters can be found in the genomes of six additional gram-positive bacteria, though in these cases some of the other genes are missing. Aside from yqeK itself, the only other gene present in all of the 11 clusters analyzed is nadD. This conservation of physical proximity suggests a possible functional relationship between yqeK and nadD, an idea consistent with the fact that the coding regions of these genes partially overlap in eight of the clusters, including that of B. subtilis.
The yqeK gene has not been characterized previously, but it FIG. 6. Phenotypes of mutants 3610 ecsB⌬ and 3610 ecsC⌬. Pellicle and colony development were assayed as described in the legend to Fig. 1 . The parental strain images (first column) are the same as in Fig. 2.   FIG. 7 . Phenotypes of mutants 3610 yqeK⌬ and 3610 yqeL⌬. Pellicle and colony development were assayed as described in the legend to Fig. 1 .
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is predicted to encode a protein that contains an HD sequence motif characteristic of metal-dependent phosphatases (1). The HD phosphatases that have been analyzed at the biochemical level are involved in a wide variety of biological processes. Thus, membership in this family reveals little about the biological function of YqeK. Clues regarding the function of yqeK may come from its physical, and perhaps functional, link to nadD, which encodes the nicotinic acid mononucleotide adenylyltransferase (NaMN-AT; EC 2.7.7.18) of B. subtilis (24) . NaMN-ATs catalyze the penultimate step in the biosynthesis of NAD (NAD ϩ ), the essential cofactor that participates in a multitude of redox reactions. It will be of interest to determine whether YqeK plays a role in NAD ϩ metabolism, and if so, how abrogation of this function leads to the observed effect on B. subtilis community development.
ylbF, a gene that encodes a positive regulator of competence factor ComK. Strain 168 harboring the ylbF3233 insertional mutation failed to form pellicles (Fig. 1) . However, when the ylbF3233 allele was introduced into the 3610 strain the resulting mutant formed robust pellicles that featured large, glossy wrinkles as well as some flat regions (Fig. 1) . Similarly, strain 168 harboring ylbF⌬ did not form pellicles (data not shown), whereas 3610 ylbF⌬ formed pellicles that were heterogeneous in morphology (Fig. 8) . When samples from 3610 ylbF⌬ pellicles were streaked to single cells on selective solid medium and the resulting colonies were used to inoculate standing cultures, each isolate produced pellicles that were homogeneous in morphology, though that morphology differed from isolate to isolate (data not shown). These results strongly suggested that the 3610 ylbF mutants accumulated suppressor mutations that enabled them to form pellicles. Indeed, we have found that such mutations map to a single genetic locus (D. B. Kearns, F. Chu, S. S. Branda, R. Losick, and R. Kolter, unpublished results). It is not yet clear whether similar mutations accumulated in the 168 ylbF mutants and, if so, why these strains failed to form pellicles. Phase-contrast microscopy revealed that the pellicles produced by the 3610 ylbF mutants were composed of long chains of cells aligned in parallel (data not shown) and in this respect were indistinguishable from those produced by the parental strain (Fig. 3) . The colonies formed by the 3610 ylbF mutants were essentially flat and undifferentiated ( Fig. 1 and 8) .
The ylbF gene appears to lie within a two-gene operon, ylbFG, that is flanked by two predicted Rho-independent transcription terminators (19) (Fig. 4E) . Thus, the mutant phenotype conferred by ylbF⌬ could potentially result from polar effects on ylbG. However, the 3610 ylbF⌬ mutant was fully complemented by a wild-type ylbF allele integrated at the amyE locus (Fig. 8 and data not shown) . This indicated that inactivation of ylbF, and not polar effects on ylbG or other downstream genes, accounted for the observed mutant phenotype.
The ylbF gene encodes a protein that promotes the translation and/or stability of ComK (35), a transcription factor that plays a critical role in the induction of natural competence (12) . It seemed possible that YlbF might work in conjunction with ComK to coordinate B. subtilis community development. However, deletion of comK from the 3610 genetic background resulted in a mutant that formed wild-type pellicles and colonies (Fig. 8) . Moreover, a 3610 ylbF⌬ comK⌬ double mutant formed pellicles and colonies that were indistinguishable from those formed by 3610 ylbF⌬ (Fig. 8) , indicating that the mutant phenotype conferred by ylbF⌬ was not due to misregulation of ComK. Therefore, in contrast to its role in the development of competence, YlbF controls the development of B. subtilis communities via a pathway that does not include ComK. It has been suggested that in competence development, YlbF may promote ComK stability indirectly, through a positive effect on ComS, a protein that prevents MecA from targeting ComK for degradation by the ClpC/ClpP protease (35) . This raises the possibility that YlbF could affect community development via a pathway that includes ComS and/or MecA but not ComK or competence factors acting upstream of ComS (i.e., ComP and ComA), which we and others have shown are not required for biofilm formation (13 and unpublished results). Alternatively, YlbF may control community development through a pathway that is entirely separate from that governing competence. It should be noted that YlbF also plays a role in sporulation, though the mechanism of that action remains unknown (35) . We anticipate that the means by which YlbF affects B. subtilis community development will be elucidated through identification of genes whose expression depends upon YlbF and of proteins which interact with YlbF, as well as through further study of the suppression of 3610 ylbF mutants. ymcA, a gene of unknown function. Strain 168 harboring ymcA2603 or ymcA⌬ failed to form pellicles ( Fig. 1 and data not shown), whereas introduction of either of these mutations into strain 3610 resulted in mutants that formed robust pellicles of heterogeneous morphology ( Fig. 1 and 9 ). Single cells isolated from 3610 ymcA⌬ pellicles and grown in standing cultures produced pellicles that were homogeneous in morphology, though that morphology differed from isolate to isolate (data not shown). These results are consistent with the idea that, like 3610 ylbF mutants, the 3610 ymcA mutants accumulated suppressor mutations that enabled them to form pellicles. In fact, we have found that such mutations map to the genetic locus involved in suppression of the 3610 ylbF mutants (Kearns et al., unpublished) . Whether comparable mutations accumulated in the 168 ymcA mutants remains to be determined. Phase-contrast microscopy revealed that the 3610 ymcA mutant pellicles were composed of long chains of cells aligned in parallel (data not shown). The 3610 ymcA mutants also produced flat, undifferentiated colonies ( Fig. 1 and 9) . Thus, the ymcA mutants exhibited a complex phenotype essentially identical to that of the ylbF mutants. Importantly, we found that a 3610 ylbF⌬ ymcA⌬ double mutant formed pellicles and colonies that were indistinguishable from those formed by the single mutants (Fig. 9) . These results suggest that ylbF and ymcA act through a common pathway to control the development of B. subtilis communities.
The ymcA gene appears to lie within a two-gene operon, ymcBA: canonical Ϫ35 and Ϫ10 promoter elements are located upstream of ymcB, and a predicted Rho-independent transcription terminator lies 7 bp downstream of ymcA (19) (Fig. 4F) . Moreover, the gene immediately downstream of ymcA (cotE) is regulated by E (7), which we and others have shown is not required for biofilm formation (2, 13) . Therefore, the ymcA⌬ mutant phenotype almost certainly results from inactivation of ymcA rather than polar effects on downstream genes.
The ymcA gene had not been characterized previously, but it is predicted to encode a protein whose sequence resembles that of YlbF (19% identity and 51% similarity). However, programs that are designed to group proteins on the basis of shared domains (COG and ProDom) place YlbF and YmcA in separate ortholog clusters. This implies that sequence similarities between YlbF and YmcA are not concentrated in regions that are predicted to be important for protein function. To examine this issue more closely, we aligned the amino acid sequences of YlbF and YmcA with those of their respective orthologs (48 to 67% identical, with E values of 1 ϫ 10 Ϫ29 to 8 ϫ 10 Ϫ40 ) from Bacillus cereus, Bacillus anthracis, and Bacillus halodurans. We then determined whether residues that are shared among all four orthologs are also shared between B. subtilis YlbF and YmcA. We found that of the 149 residues in B. subtilis YlbF, 58 (39%) are conserved in its three orthologs, and of those 58 residues only 10 (17%) are identical to their corresponding residues in YmcA. Similarly, of the 143 residues in B. subtilis YmcA, 69 (48%) are conserved in its orthologs, but only 12 (17%) of these are identical to their corresponding residues in YlbF. Furthermore, the alignments of YlbF and YmcA orthologs revealed that certain regions of these proteins have been conserved particularly well over the course of evolution (e.g., 17 of 21 residues, starting with L16, in YmcA) and the conserved regions of YlbF do not correspond to those of YmcA. Thus, despite a fair degree of similarity in amino acid sequence, YlbF and YmcA appear to have different domain structures and therefore are unlikely to be paralogs. FIG. 9 . Phenotypes of mutants 3610 ymcA⌬ and 3610 ymcA⌬ ylbF⌬. Pellicle and colony development were assayed as described in the legend to Fig. 1 . The parental strain images (first column) are the same as in Fig. 2 , and the 3610 ylbF⌬ images (third column) are the same as in Fig. 8 .
VOL. 186, 2004 GENETIC ANALYSIS OF B. SUBTILIS COMMUNITY DEVELOPMENT
Aside from YlbF, no other proteins of known or predicted function show sequence similarity to YmcA. The gene (ymcB) predicted to share an operon with ymcA encodes a protein that exhibits strong sequence similarity (44% identity, with an E value of 1 ϫ 10 Ϫ103 ) to MiaB from Escherichia coli and Salmonella enterica serovar Typhimurium. MiaB mediates a posttranscriptional modification of a nucleoside residue within tRNAs that read codons with U in the first position (9) . Gramnegative bacteria apparently lack ymcA, but in gram-positive bacteria ymcA is often preceded by a gene encoding an MiaB ortholog. This physical proximity of the genes could reflect a functional relationship. This potential relationship, as well as that between YmcA and YlbF, represents a framework for further study of YmcA and its role in B. subtilis community development.
In summary, using an unbiased, genome-wide approach we identified six genes, some of them previously uncharacterized, that play important roles in the development of B. subtilis communities. Several of the genes appear to mediate production of an extracellular matrix that binds together the cells of these communities. As discussed above, yhxB likely works with the yveK-yvfF operon to synthesize exopolysaccharides that are incorporated into the matrix, while sipW and ecsB may promote the secretion of proteins that assemble, modify, or lend structure to the matrix. Both yhxB and sipW are required for the basic structural integrity of B. subtilis communities, whereas ecsB is required for formation of their distinctive architecture. A fourth gene, yqeK, is predicted to encode a phosphatase, and it too is required for proper formation of community architecture, though not for production of the extracellular matrix. Finally, ylbF and ymcA appear to work together to regulate community development; whether they affect production of the extracellular matrix remains to be determined. Thus, the six genes appear to play different roles in B. subtilis community development.
Considering that the collection screened was composed of mutants representing only 51% of the genome, it is likely that more comprehensive screens will identify additional genes involved in community development. Furthermore, screens utilizing less domesticated strains such as 3610 should identify still more genes, given the observation that mutations can confer different phenotypes when moved from one genetic background to another (Fig. 1) . Equally important to our understanding of structured multicellular communities is the observation that phenotypes varied widely depending on whether pellicles or colonies were analyzed. This indicates that under different conditions B. subtilis uses different developmental pathways to form communities. The different pathways do share some genes, however, as mutation of at least six genes had profound effects on both pellicles and colonies, as described above. The relationships between these pathways and genes, and their implications for community development, will be the subject of future study.
